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While the electrical current manipulation of antiferromagnets (AFMs) has been demonstrated,
the extent of the studied AFM materials has been limited with few systematic experiments and a
poor understanding. We compare the electrical current switching of the exchange-bias field (Hex)
in AFM-Mn3AN/ferromagnet-Co3FeN bilayers. An applied pulse current can manipulate Hex with
respect to the current density and FM layer magnetization, which shifts exponentially as a function
of the current density. We found that the saturation current density and exponential decay constant
τ increase with the local moment of AFM Mn atoms. Our results highlight the effect of the AFM
local moment to electrical current switching of Hex, although it has a near-zero net magnetization,
and may provide a facile way to explore the electrical current manipulation of AFM materials.
I. INTRODUCTION
Electrical manipulation of magnetic moments of fer-
romagnets (FMs) using spin-transfer torque (STT) and
spin-orbit torque (SOT) has been widely studied towards
spintronic applications1–4. Recently, antiferromagneti-
cally coupled materials, such as ferrimagnets, synthetic
antiferromagnets (AFMs), and AFMs, have attracted
significant attention due to their promising potential
in spintronic applications because of several properties,
such as the absence of stray magnetic fields, terahertz
spin dynamics, and stability against external perturba-
tions5–7. The electrical current switching of the AFM
Ne´el vector has been demonstrated for several AFM ma-
terials, such as CuMnAs8,9, Mn2Au
10,11, NiO12–14, and
Fe2O3
15, with electrical current densities on the order
of 107-108A/cm2, and recently switching with the order
of 106 A/cm2 has been realized on noncollinear AFM of
Mn3GaN
16 and Mn3Sn
17. In addition, the electrical cur-
rent switching of ferrimagnets has been demonstrated.
In particular, the magnetic moments of transition-metal
(TM) and rare-earth (RE) ferrimagnets can be aligned
in an antiparallel orientation, which enables tuning the
magnetization around the compensation points by vary-
ing the relative constituent concentrations. The torque
efficiency increases with divergent behaviors due to neg-
ative exchange interactions towards the compensation
points18,19. On the other hand, in AFM, there are few
systematical studies due to the difficulty of reading out
the AFM Ne´el vector electrically as only a few AFM ma-
terials exhibit large electrical signals as an anomalous
Hall effect20–22 and anisotropic magnetoresistance23–26.
To address this issue, we focused on the electrical
switching of the exchange-bias field Hex, which was first
reported more than a decade ago27,28. The exchange-bias
effect has been widely studied because of its general use
in spintronic devices, such as for spin-valve type mag-
netic memory29,30. In general, the exchange-bias effect
occurs at the interfaces between FM and AFM materials,
regardless of the material combination31. Therefore, in
principle, electrical switching for Hex can be adapted to
all AFM materials. The early studies of electrical switch-
ing for Hex demonstrated that spin torque can act not
only on FM but also on AFM order parameters. Sev-
eral related studies were conducted to further explore
this observation32–36; however, no clear relationship was
reported between the Hex switching behavior and the
electrical current density.
Based on theoretical studies of the electrical current
switching of the AFM Ne´el vector in AFM/FM bilayers
where the spin-polarized current is injected into the AFM
through the FM layer, the critical current density ic is
expressed as
ic,AFM =
2γAFMωAFMMAFMdAFM
γσHflop
∝ γAFM
ωAFM
HAFMan , σ ≡
µB
e
εP,
(1)
where γAFM is the coefficient of internal friction, ωAFM is
the antiferromagnetic resonance frequency, Hflop is the
flop field, MAFM is the absolute value of the AFM lo-
cal moment, dAFM is the thickness of the AFM layer, γ
is the absolute value of the gyromagnetic ratio, HAFMan
is the anisotropy field of AFM, µB is the Bohr magne-
ton, P is the degree of spin polarization, e is the elec-
tron charge, and ε is the efficiency of the spin polar-
ization (≤ 1)37,38. For FM, ic,FM can be expressed as
ic,FM ∝ (γAFM/ωAFM)HFMan . In these theory, they as-
sume HAFMan of ∼ 0.1 kOe (e.g., FeMn, IrMn, NiO), and
those values are lower than in typical FM, so ic,AFM
is expected to be smaller than ic,FM
37,38. Our pre-
vious studies demonstrated that the electrical switch-
ing of Hex is realized in antiperovskite nitride AFM-
Mn3GaN/FM-Co3FeN (001) bilayers with a current den-
sity of 1 × 106A/cm2, which is two orders of magnitude
smaller than typical FM cases39. Towards further under-
standing, we introduce that the noncollinear AFM an-
tiperovskite manganese nitride Mn3AN may be a good
platform because the AFM magnetic properties, such as
the Mn local moment and AFM spin structure (Γ4g and
Γ5g), depend on the A atom
40–42.
In this study, we prepared fully epitaxial AFM-
Mn3AN/FM-Co3FeN (001) bilayers with A = Ga, Ni,
2and Ni0.35Cu0.65 (hereinafter referred to as MGN, MNN,
and Cu-MNN), which have similar magnetic properties.
Shifts in Hex as a function of current density show an
exponential change above the threshold current density,
regardless of the AFM Mn3AN layer. We clearly show
that the electrical current switching of Hex depends on
the AFM local moment of the MAN, even though it has a
zero net magnetization. These results highlight that the
spin-polarized current has a different degree of action on
the AFM local moment depending on its magnitude.
II. EXPERIMENTAL DETAILS
The Mn3AN (20 nm, bottom)/Co3FeN (10 nm, top)
bilayers (hereinafter referred to as MAN and CFN) were
grown using reactive magnetron sputtering on MgO(001)
substrates under a total pressure of 2.0 Pa for an Ar
+ N2 gas mixture. Details of the film and bilayer
growth were reported in our previous works22,39,43,44.
The crystal structure was analyzed using both in-plane
and out-of-plane X-ray diffraction (XRD) measurements
with Cu Kα radiation. The magnetic properties of the
MAN/CFN bilayers were characterized using supercon-
ducting quantum interference device (SQUID) magne-
tometry, and the transport properties were character-
ized with the standard DC four-terminal method in the
current-in-plane configuration with 20 µm-wide Hall bars
prepared using conventional photolithographic processes.
To induce exchange coupling between the FM and AFM
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FIG. 1. (a) Out-of-plane and (b) in-plane φ-scans of the
considered MAN/CFN (001) bilayers.
layers, the MAN/CFN bilayers were cooled from 350 K
to 4 K under an applied magnetic field of +10 kOe along
the MAN/CFN [110] direction.
III. RESULTS AND DISCUSSIONS
The out-of-plane and in-plane XRD patterns of the
MAN/CFN bilayers are shown in Figs. 1(a) and 1(b),
respectively. In Fig. 1(a), only the (00l) MAN and (00l)
CFN series exhibit Bragg peaks in the out-of-plane XRD
patterns, which indicates the (001)-oriented MAN/CFN
bilayers grow well on MgO(001) substrates. In addition,
epitaxial growth is confirmed in all MAN/CFN bilayers
from the results of the φ-scan measurement, as shown
in Fig. 1(b), showing that their epitaxial relationship is
MgO(001)[100]//MAN(001)[100]//CFN(001)[100].
Figure 2(a) shows the magnetic hysteresis loops for
MAN/CFN bilayers measured along the 〈110〉 direction
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FIG. 2. (a) Magnetic hysteresis loops for the MAN/CFN
bilayers at T = 4 K after FC. The measurements were
performed along the easy axis of CFN 〈110〉. (b) Hc and
Hex as functions of the MAN layer. (c) AMR properties of
MAN/CFN bilayers, where 0◦ is the sensing current direc-
tion parallel to the MAN/CFN[110] direction. The magnetic
field of 5 kOe is rotated in the film plane. (d) AMR ratio
as a function of the MAN layer. (e) Temperature-dependent
resistivity of 50 nm thick MAN single-layer films.
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FIG. 3. (a) Microscope image of MAN/CFN bilayers and experimental configuration. (b–d) AMR curves after applying
several 100 msec width pulse currents (Ipulse) into the MAN/CFN bilayers. All measurements were performed at T = 4 K.
at T = 4 K after field cooling (FC). All loops exhibit
a clear hysteresis loop shift, indicating the exchange-bias
effect appears in all MAN/CFN bilayers. The MAN-layer
dependence of the coercive field (Hc) and the exchange-
bias field (Hex) are illustrated in Fig. 2(b). The MAN
layer dependence of the anisotropic magnetoresistance
(AMR) under an applied magnetic field of 5 kOe after
FC is presented in Fig. 2(c). The AMR ratio is defined
as AMR = {ρ(θ) − ρ(90◦)}/ρ(90◦), where θ is the angle
between the sensing current parallel to the [110] direc-
tion and applied magnetic field in the (001) film plane.
Each AMR curve exhibits negative values due to the high
polarization of the CFN layer43,45,46 with no dependence
on the rotational direction. In the single-layer CFN films
and MGN/CFN bilayers, the AMR ratios are reported
to be approximately -0.8% and -0.09%, respectively39,43.
As summarized in Fig. 2(d), the AMR ratios are
similar at approximately -0.1 – -0.2% to the previous
MGN/CFN bilayers. Figure 2(e) shows the temperature-
dependent resistivity of MAN single-layer films. The
Ne´el temperatures of Cu-MNN and MNN are observed
at 190 K and 250 K, while that of MGN is higher than
300 K, of which values are consistent from previous re-
port22,44,47,48. Although Hc and Hex show small varia-
tions by the MAN layer, no significant exchange-spring
effects, such as an enhancedHc and rotation-direction de-
pendence of AMR23–25, are observed in each MAN/CFN
biayers. Besides, the resistivity of each MAN single-
layer film at T = 4 K is similar at approximately 0.14
– 0.18 mΩcm. Thus, these results suggest that each ex-
change coupling can be compared in electrical switching.
In the electrical current switching for the Hex in
MAN/CFN bilayers, Fig. 3(a) shows a microscope image
of the MAN/CFN bilayers and experimental configura-
tion. During FC, a magnetic field of 10.0 kOe was ap-
plied along the [110] direction. When the pulse current
was injected, a magnetic field of Hswitch = −5.0 kOe was
applied to define the CFN layer magnetization, which
is the opposite of the FC direction. Before the initial
magnetoresistance (MR) measurements after FC was per-
formed, the magnetic field was swept between ±5.5 kOe
several times to avoid the training effect49. The MR
curves after applying several pulse currents (Ipulse) with
100 ms width into the MAN/CFN bilayers are shown
in Figs. 3(b–d). Here, the current density is calculated
from total thickness of each bilayers. In the initial MR
curves, the Hc and Hex obtained from the two MR
peaks agree well with those measured using SQUID, as
shown in Fig. 2(a), which allows estimating Hex switch-
ing from the MR measurements. After applying Ipulse =
5× 105 A/cm2, the MR peaks shift towards the positive
field direction for all MAN/CFN bilayers, indicating that
Hex shifts in the opposite direction to the initial Hex as
induced from the FC. By increasing Ipulse, the shift in
Hex gradually increases but with a different saturation
behavior. For the MGN/CFN bilayers, the shift in Hex
saturates between 5− 12× 105 A/cm2, while that of Cu-
MNN/CFN saturates between 12− 19× 105 A/cm2. On
the other hand, those of the MNN/CFN bilayers con-
tinue to shift in the presented MR curves for the Ipulse
range. We note that the sensing current was set to ap-
proximately 5×103 A/cm2, which is sufficiently small for
Hex switching. The observed Hex switching is reversible
with respect to FM layer magnetization during Ipulse in-
jection, as shown in Fig. S150 and discussed later.
Figure 4 presents the shifts of Hex normalized by
the initial exchange-bias field Hex,ini. as a function of
Ipulse. The shift begins from approximately Ipulse = 1 ∼
3 × 105 A/cm2, which is commonly observed. On the
other hand, applying an additional Ipulse produces dif-
ferent shift behaviors. For MGN, the Hex/Hex,ini curve
becomes steeper above 4 × 105 A/cm2 and saturates at
Hex/Hex,ini = −0.9 with a saturation current density of
Isat. of 12 × 105 A/cm2. For Cu-MNN, the Hex/Hex,ini
curve analogously becomes steeper at 4 × 105 A/cm2,
but with a smaller slope. The Hex/Hex,ini saturates at
−0.55 around 22 × 105 A/cm2. On the other hand, the
MNN linearly changes up to 12 × 105 A/cm2 and sat-
urates at −0.25 around 28 × 105 A/cm2. Above 4 or
12×105 A/cm2, the shift ofHex can be fit using the expo-
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FIG. 4. Shifts of Hex normalized by Hex,ini. as a function
of Ipulse. The inset shows an enlarged image around Ipulse ∼
8× 105 A/cm2. The bold solid lines are the results of a fit to
the exponential decay function y = y0 +Ae
−(x+x0)/τ .
nential decay function y = y0 +Ae
−(x+x0)/τ . The decay
constants τ for MGN, Cu-MNN, and MNN are 3.42, 6.25,
and 8.11×105 A/cm2, respectively. These results indicate
that the effects of spin-polarized current on the exchange
bias are different between the considered MAN layers.
We note that the saturation Hex/Hex,ini depends on the
samples, regardless of the MAN layer while the τ does
not show a sample dependence, as illustrated in Fig. 9.
Generally, the exchange-bias effect is strongly affected
by the interface frustration, roughness and other prop-
erties51,52, which may affect the saturation Hex/Hex,ini
and requires future study.
Although it is considered that the torques from the
spin-polarized current play an important role in Hex
switching as reported in the previous study27,28,32–34, to
exclude other possible origin, several sequential measure-
ments were performed in Cu-MNN/CFN and MNN/CFN
bilayers as shown in Fig. 5(a) and 5(b), respectively. Af-
ter the initial MR measurements, Ipulse = 50×105 A/cm2
is injected with 100 msec pulse under -5 kOe (switching
process). As discussed in Fig. 3, the MR peaks shift
towards the positive field direction. Then, Ipulse is in-
jected under +5.0 kOe (reversing process), and the MR
curves return to the initial state with the initial Hex.
These results indicate that opposite polarity of Hex also
can be manipulated and the CFN layer magnetization
with respect to Hex direction plays an important role,
probably due to injection of spin-polarized current from
CFN layer to MAN layer. In the same manner, switch-
ing and reversing processes were sequentially performed
with 200 and 400 msec pulse under -5 kOe for switching
and 100 msec pulse under +5 kOe for reversing. Regard-
less of the switching pulse width, the Hex after switching
shows the same value, and similarly, the Hex after revers-
ing shows the same value as initial Hex, suggesting no
sizable difference of thermal effect in these pulse-width
range. In addition, Ipulse = ±50 × 105 A/cm2 was in-
jected with 100 msec pulse without magnetic field. If
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FIG. 5. Sequential switching and reversing results of (a)
Cu-MNN/CFN and (b) MNN/CFN bilayers, respectively.
significant heating and subsequent cooling process are
occurred by Ipulse, the exchange-coupling properties are
expected to be affected when there is no magnetic field.
However, no sizable difference by applying ±Ipulse is ob-
served in not only the magnitude ofHex but also shape of
MR curves in both Cu-MNN/CFN and MNN/CFN bilay-
ers. Besides, the temperature increase during 100 msec
pulse duration was measured as shown in supplemen-
tal Fig. S250. The temperature reached until the Hex
switching is completed is sufficiently lower than the Ne´el
temperature. From these results, we conclude that most
switching effect comes from spin-polarized current rather
than thermal effect.
The schematic illustration of possible Hex switching
(a) Switching process
(c)
(d)
(e)
(b) Reversing process
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FIG. 6. Schematic illustrations of possible mechanism of
Hex switching. (a) Switching process under -5 kOe and (b)
reversing process under +5 kOe. (c) Enlarged schematic il-
lustration at the interface between FM and AFM. When the
current flows from FM to AFM, the current is spin polarized
and the spin-polarized current acts (f) only interface uncom-
pensated spins or (g) not only interface uncompensated spins,
but also to a certain depth of bulk AFM spins.
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FIG. 7. (a) Γ4g and (b) Γ5g AFM spin structures visualized
using VESTA package54.
mechanism are presented in Fig. 6. Since the resistivity
of CFN is similar at around 0.1 mΩcm with each MAN
layer, here we assume that current can flow back and
forth between FM and AFM as illustrated in Fig. 6(a)
and 6(b). When the current flows from CFN to MAN,
the current is spin polarized due to CFN spin polariza-
tion and its polarized direction can be directed in the
opposite direction to Hex by the magnetic field as il-
lustrated in Fig. 6(a)–6(c). The previous study argued
that the spin-polarized current induces torques on inter-
face uncompensated spins as illustrated in Fig. 6(d). On
the other hand, resent SOT studies of noncollinear AFM
Mn3Sn demonstrate the manipulation of AFM moments
even at 40 nm thick films17. Hence, as illustrated in
Fig. 6(e), the spin polarized current may be able to act
not only on interface uncompensated spins but also to a
certain depth of bulk AFM spins. Although it is difficult
to distinguish these two possible pictures in this study,
in the below discussion, we assume that interface AFM
spins which cause Hex keep the bulk AFM properties,
such as the local moment of the AFM magnetic atoms,
the anisotropy of the AFM, and the AFM Ne´el vector.
Finally, we would like to discuss the different Hex
switching behaviors. According to theoretical studies
of STT in AFM materials, the critical current is af-
fected by the local moment of the AFM magnetic atoms,
the anisotropy of the AFM, and the relative angle be-
tween the injected spin direction and the AFM Ne´el vec-
tor37,38,53. In MAN systems, the AFM spin orders (Γ4g
and Γ5g, shown in Fig. 7) vary depending on the composi-
tion of the A site; Γ5g is observed in MGN and MNN and
Γ4g in Cu-MNN. In such noncollinear AFMs with trian-
gular magnetic configurations composed of three equiv-
TABLE I. Relative angles between the AFM Ne´el vectors
(L1, L2) and the 〈110〉 direction for Γ4g and Γ5g AFM orders.
AFM order L1 L2 Average
Γ4g
θ 73◦ 60◦ –
sinθ 0.96 0.87 0.91
Γ5g
θ 60◦ 107◦ –
sinθ 0.87 0.96 0.91
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The magnetic field is applied along the [-1-12] direction.
alent magnetic directions (m1, m2, and m3, shown in
Fig. 7), the AFM Ne´el vectors can be expressed using
two vectors L1 and L2 as
55,
L1 = m1 +m2 − 2m3
L2 =
√
3(m1 −m2).
(2)
A theoretic study indicates that the torque efficiency is
proportional to sinθ, where θ is the relative angle be-
tween the injected spin direction and the AFM Ne´el vec-
tor53. In this study, the injected spin direction from the
FM CFN layer is 〈110〉 as determined from the external
magnetic field. The relative angles between L1, L2 and
〈110〉 are summarized in Table. I. From the perspective of
sinθ, there is no defference between Γ4g and Γ5g orders.
Therefore, we conclude that the effect of the relative an-
gle between the injected spin direction and the AFM Ne´el
vector is relatively small.
On the other hand, although there are no reports on
the actual magnetocrystalline anisotropy in MAN sys-
tems, it is reported that the Mn moments of Cu-MNN
begin to cant in the (111) plane when a magnetic field
is applied along the [11-2] direction with a magnitude
that is larger than the threshold value44. Thus, epitaxial-
grown MAN(111) films are prepared22,44 and compared
the magnetization loop along the [-1-12] direction for each
MAN(111) film as shown in Fig. 8. All MAN (111) films
show the similar in-plane magnetization behavior with a
threshold value of 1 T, indicating that these AFM mate-
rials have similar anisotropies, at least for canting in the
(111) plane. Therefore, it is considered that the effects
of both the relative angle between the injected spin di-
rection and the AFM Ne´el vector and the anisotropy are
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small.
In MAN systems, the Mn local moment is known to de-
pend on the A atom and is proportional to the number
of electrons outside of the Ar closed shells40. From the-
oretical calculations41, the Mn local moments for MGN
and MNN are 2.43 and 2.83 µB/Mn atom, respectively,
and that of Cu-MNN is estimated as 2.74 µB/Mn atom.
Figure 9 compares the decay constant τ and saturation
current Isat. as a functions of the Mn local moments for
MAN, indicating that both the τ and Isat. increase with
Mn local moments of MAN. Although Isat. shows cer-
tain sample dependence probably due to the interface
condition, even taking into account those variations, the
estimated linear relationship seems to be valid. This con-
clusion can be reinforced by τ because it shows a small
sample dependence.
In addition, to check the universality of this relation-
ship, we considered collinear AFM MnN/CFN bilayers,
because the MnN has a rocksalt structure with a much
higher Ne´el temperature at 650 K and larger AFM local
moment of 3.3 µB/Mn than for MAN
56–58. As shown in
Fig. S350, the Hex/Hex,ini shifts with respect to Ipulse in
the same manner, and Isat. as a function of the Mn lo-
cal moment follows an almost proportional relationship.
These results indicate that the spin-polarized current has
a different degree of action on the AFM local moment de-
pending on its magnitude. The linear fitting line inter-
sects the x-axis in the vicinity of 2 µB/Mn. Since a scal-
ing is not expected to be achieved for the local moments
of less than 2µB/atom, switching experiments with such
AFMs are of interest. Typical AFMs used in spintron-
ics such as MnIr and MnPt, however, exhibit large local
magnetic moments of 3 ∼ 4µB/Mn. Another possibil-
ity would be a double helical AFM MnP59 and CrAs60,
which have 1.3µB/Mn and 1.7µB/Cr, respectively, and
it is worthy of future research on those AFM switching.
We note that the similar order of switching current den-
sity has been recently realized in the SOT of noncollinear
AFM of MGN(2.43 µB/Mn) and Mn3Sn(3.2 µB/Mn
61)
with 1.5 and 5×106 A/cm2, respectively16,17. Since STT
consumes more energy than SOT in traditional STT and
SOT of FM62, our results may imply that SOT in such
AFMs has a great potential to realize even lower current
density switching.
In contrast to the well-studied FM STT, while there
are several reports on the electrical manipulation of AFM
moments, there is no systematic study demonstrated to
date. This is because it is difficult to read out AFM
moments electrically. As the exchange bias generally ap-
pears at the interface between FM and AFM regardless
of material combination, our results offer further exper-
iments and may provide a deeper understanding of the
electrical manipulation of AFM moments.
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